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Abstract 


In this thesis, the design and development of a 3-DOF planar parallel manipulator is ad- 
dressed from a kinematic viewpoint. The 3-DOF planar parallel manipulator consists of two 
bodies (referred to as the base and the platform) connected through three chains (two links 
each) having revolute joints. The workspace of this manipulator has a lot of singularities 
inside it where the manipulator is uncontrollable. The design should be such that it is free 
from singularities. The link lengths of the manipulator are calculated using optimization 
techniques, by keeping all singularities under considerations. Selection of materials and ac- 
tuators are given. The structural design of the elements of the manipulator based on accuracy 
criteria is discussed. A prototype manipulator was developed as per the design. The control 
of actuators through interfacing the manipulator with computer is presented. 



Chapter 1 
Introduction 


1.1 Introduction 

Parallel manipulators are robotic devices that differ from the traditional serial robotic manip- 
ulators by virtue of their kinematic structure. Parallel manipulators are composed of multiple 
closed kinematic loops. Typically, these kinematic loops are formed by two or more kine- 
matic chains that connect a moving platform to a base, where one joint in each chain is 
actuated and the other joints are passive. This kinematic structure allows parallel manipula- 
tors to be driven by actuators positioned at or near the base of the manipulator. 

In contrast, serial manipulators do not have closed kinematic loops and are usually ac- 
tuated at each joint along the serial linkage. Accordingly, the actuators that are located at 
each joint along the serial linkage can account for a significant portion of the loading expe- 
rienced by the manipulator, whereas the links of a parallel manipulator generally need not 
carry the load of the actuators. This allows the parallel manipulator links to be made lighter 
than the links of an analogous serial manipulator. Hence, parallel manipulators can enjoy the 
potential benefits associated with light weight construction such as high-speed operation and 
improved load to weight ratios. 

The advantage of serial manipulator is large workspace and dextrous manoeuverability 
like human arm, but their load carrying capacity is rather poor due to cantilever structure. Be- 
cause of cantilever beam-like architecture, serial manipulators inherently suffer from some 
drawbacks such as low mechanical stiffness which leads to lower operational accuracy, poor 
dynamic characteristics and lower load carrying capacity. These disadvantages can be over- 
come by designing manipulators with closed kinematic loops, namely parallel manipulators. 
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1.2 Comparison Between Serial and Parallel Manipulators 


Fig. 1.1 shows the architecture of serial and parallel manipulators. A parallel manipulator 
consists of two platforms connected by several legs. The top platform is usually free to 
move and is called the end-elfector. The bottom platform is usually fixed and will be called 
the base. The relative positions of the end-effector and base may be reversed for some 
applications. 



(a) Serial 


(b) Parallel 


Figure 1.1: Serial and Parallel Manipulators 


1 .2.1 Degree of Freedom 

For a serial manipulator the DOF of the system is given by 

DOF = ^ /.• 

t=l 

where /,■ corresponds to the DOF of the i-th joint of the manipulator containing j joints. In 
general, for serial manipulators, the DOF will be equal to the number of links as each link 
has a single DOF. For parallel manipulators the formula is (Gmbler-Kutzbatch-Chebyshev 
formula) 

DOF = n{L-J-l) + j2fi 

t=i 
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where L = number of links, J = number of joints, /,• = DOF of i—th joint and n = 6 for spatial 
manipulators while n = 3 for planar manipulators. 


1.2.2 Direct Kinematics 

The problem of direct kinematics is to find the position and orientation of the output link, 
given the input joint variables. The direct kinematic problem of serial manipulators turns out 
to be very simple by the use of Denavit-Hartenberg parameters. It can be automated for any 
arbitrary serial manipulator and always gives a unique solution. 

In contrast, direct kinematic problem of a parallel manipulator is much more complex 
because of the presence of unactuated joints whose relative motions are dependent and not 
given. The motions of unactuated joints cannot be found from individual loops of a ma- 
nipulator but from a set of simultaneous nonlinear equations involving all the loops of the 
manipulator. It is important to note that forward kinematics of parallel manipulator always 
gives multiple solutions. 

1.2.3 Inverse Kinematics 

The problem of inverse kinematics is to find out the required values of the input joint vari- 
ables for a given position and orientation of the output link. If a solution exists for inverse 
kinematics problem, specified output is said to be within the workspace of the manipulator. 
Inverse kinematics of a serial manipulator is not very trivial. It involves solution of high 
order polynomials and transcendental equations and results in multiple solutions. It becomes 
easier, however, if the last three joint axes are intersecting and a generalized scheme for that 
case was first developed by Pieper (see pp 1 12 of Craig [1]). 

The inverse kinematics of parallel manipulators can be considered to have the same com- 
plexity as that of serial manipulator, because the problem can be solved independently within 
each individual kinematic branch and hence the methodology of inverse kinematics of serial 
manipulators can be applied directly. However, in the presence of multi-dof joints, the in- 
verse kinematics of parallel manipulators can be even simpler. 


1.3 Objective of this Thesis 

A three-DOF planar parallel manipulator is shown in Fig. 1.2. It consists of seven movable 
links connected with revolute joints which allow the positioning and the orientation of the 
platform in a plane. The potential applications of this manipulator are welding, deburring. 
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milling, pick and place operations over a planar surfaces and in assembly as a horizontal 
workstation. Designing, developing and understanding the behavior of the 3-DOF planar 
parallel manipulator is the aim of the research reported in this thesis. 


1.4 Literature Review 

The term "parallel manipulator" was first introduced by Marvin Minsky [2] of the MIT in 
his early A! memo "Manipulator design vignettes". According to his memo, the parallel 
concept is best illustrated by the way an animals body is supported by its legs, where several 
constraints simultaneously determine the relationships of one body to another. 

Probably the most famous parallel manipulator is the Stewart platform. It was originally 
proposed by Stewart in 1965 [3] as a flight simulator, and versions of it are still commonly 
used for that purpose. Since then, the Stewart platform has also been used for other appli- 
cations such as milling machines, pointing devices, and an underground excavation device. 
Generally, the Stew'art platform has six limbs, where each limb is connected to both the base 
and the moving platform by spherical joints located at each end of the limb. Actuation of the 
platform is typically achieved by changing the lengths of the limbs. 

The planar 3-DOF manipulator was introduced by Hunt in 1983 [4], which could be 
considered as a planar example of the well-known Stewart platform [3]. The planar 3-DOF 
parallel manipulator is an 8-bar linkage with two ternary links (frame and end-effector) con- 
nected through three in-parallel legs, each leg consisting of two links. Though a number of 
mechanisms are possible by different combinations of revolute and prismatic joints at the 
legs, two of them having 3-RRR and 3-RPR structures have attracted wide research interest, 
the later showing greatest similarity with the Stewart Platform. 

Pennock and Kassner [5] studied the solutions to the total and primary workspace prob- 
lem of the 3-DOF parallel manipulator. They derived a set of equations that determine the 
workspace as a function of the platform orientation. The reachable positions of the end- 
effector for a specified platform orientations are analyzed. They discussed the total primary 
workspace and the influence of special manipulator geometry on the workspace. 

Ma and Angeles [6] studied direct kinematics and dynamics of planar 3-DOF parallel 
manipulator. In their method one of the links of the manipulator is removed virtually so 
that only one of the three kinematic loops remains. Which reduces the non-linear constraint 
equations from three to one and a technique of 4-bar linkage performance evaluation applied 
to find the position of end effector. In the dynamics formulation, the naitural orthogonal 
complement is applied, which leads to the algorithm oriented equations of motions involving 
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independent generalized coordinates. 

Gosselin and Merlet [7] made an alternative formulation for the direct position kinemat- 
ics problem, developed robust schemes for the solution and established sharp upper bounds 
(less than 6) for specified geometries of the manipulator. 

Gosselin and Angeles [8] described four different criteria for the optimum design of 
planar 3-DOF parallel Manipulator. These criteria are (a) symmetry (b) the existence of the 
non-vanishing workspace for every orientation of the gripper (c) the maximization of the 
global workspace and (d) isotropy of the Jacobian of the manipulator. 

Kumar [9] described the reachable workspace, dextrous workspace of a parallel manipu- 
lator. He proposed an algorithm for finding the dextrous workspace of parallel manipulator 
and he discussed about the controllably dextrous workspace of a Parallel manipulator. 

The dynamics of the parallel manipulator with revolute joints has been studied by Ma 
and Angles [6] by the method of orthogonal complement, while Revathi et.al. [10] described 
the Lagrange-Euler formulation for the dynamics of 3-DOF planar parallel manipulator with 
prismatic actuations. 


1.5 Organization of the Thesis 

The organization of the thesis is as follows. 

The next chapter introduces some aspects like inverse kinematics, workspace and singu- 
larity analysis of 3-DOF planar parallel manipulator. 

The third chapter deals with the kinematic and struqtural design and development of 3- 
DOF parallel manipulator. It also discusses the material selection and motor selection. 

The fourth chapter deals with the control of motors, software and hardware implementa- 
tion required for 3-DOF planar parallel manipulator. 

The fifth chapter discusses results of the prototype manipulator developed in the present 
work. 

The concluding remarks and suggestions for further work have been given in sixth chap- 
ter. 
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Chapter 2 

Workspace and Singularity Analysis of 
3-DOF Planar Parallel Manipulator 

2.1 Symmetry Considerations 

Unlike the case of an ordinarj' mechanism, which, most of the time, is designed for a specific 
task, the precise tasks to be performed by a manipulator are unknown a priori. Hence, there 
should not be any preferred general orientation for which the manipulator would have better 
properties. If it were designed for a particular task, it may have bad properties in some other 
configurations. This suggests that the manipulator should be symmetric, which shows equal 
performance in all the configurations. 

The manipulator shown in Fig. 1.2 is composed of seven movable links, all the joints 
are of the revolute type and the motors Mi, M2, Mz are fixed. The motion of all links takes 
place in one plane. The manipulator consists of a kinematic chain with three closed loops 
namely M1DABEM2, M2EBCFM3, M3FCADM1 and the gripper is rigidly attached to tri- 
angle ABC. By symmetry, then the motors will be located on the vertices of an equilateral 
triangle and the link lengths will be same for each leg, i.e. 

h = k — hi i = 1 , 2 , 3 

From a geometric viewpoint, this manipulator consists of three serial manipulators all of 
which have common base and end-effector. The three motors are placed at the vertices of the 
equilateral triangle of unit side. 
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2.2 Inverse Kinematics 


The inverse kinematics problem is to compute the joint angles of the actuated links, given 
the position and orientation of the end-effector. The Cartesian coordinates of the gripper 
are given by the position of its centroid C (x, y) and the angle $ defining its orientation. 
The inverse kinematic problem consists of determining 9 i, 62, Oz (joint variables) for given 
values of x, y, The solution to this problem contains eight different branches, i.e. two 
branches per leg since the solutions for the input angles $1, 02, 03 are completely uncoupled. 
For instance, the solution for the first leg is shown in Fig. 2 . 1 . This solution is given, for leg 
i, by 



X2i = X — Is COS^i — Xoi 


2/21 = y -h sin^i - Voi 


where angles ^re given by 


$1 = $ -|- 7 r /6 


$2 = ^ + 57 r /6 
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$3 = ^ — 7r/2 


and 


{xoi}l = { 0 , 1 , 1 / 2 } 


{yoi}l = {O, 0, v^/2} 


consequently, 


6i = ipi ± -j3i 


ipi = tan 


-iy2i 


^2i 


Pi = COS 


;2 
-1 ‘i 


+ xli + yli - ll 
“^hy/xli + y^i 


2.3 Workspace 

The total (or reachable) workspace of a planar manipulator is the area that comprises all 
points which a specified point fixed in the end-effector can reach. The dextrous (primary) 
workspace is the set of points in the reachable workspace at which the end-effector can as- 
sume all attitudes with its reference point coincident with the specified point. The boundary 
of the workspace is attained whenever at least one of the chain reaches its maximum or 
minimum length. 

The solution of the inverse kinematic problem developed above can be used to describe 
the workspace of the parallel manipulator. For a given orientation of the end-effector, the 
workspace of the parallel manipulator in Cartesian space can be described as the intersection 
of three regions, each being the difference of two concentric circles. In order to obtain the 
center of circle of i-th chain {xd, Vd), the vector [6^] has to be subtracted from {xoi, t/oi) as 
shown in Fig. 2.2. The smaller circle is obtained with radius r = \k - hi and the larger 
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End-effector 



one with radius R = li + l^. The position of the centers of the circles will depend on the 
kinematic parameters of the manipulators and on the orientation specified for the platform. 



Figure 2.3; Workspace with Different Orientations 


The workspace of the 3-DOF planar parallel manipulator depends on the platform ori- 
entation. Fig. 2.3 shows the workspace of a manipulator (^i = 0.6, I 2 = 0.85, Z 3 = 0.2) 
with two different orientations. The algorithm used to evaluate the workspace incrementally 
moves the end-effector and then solve the inverse kinematics. If the inverse kinematic solu- 
tions exist that means the point is in workspace and all the points are stored in a file and the 
Fig. 2.3 was drawn. 
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2.4 Singularity 


Singular configurations are those configurations in which the Jacobian matrices are degen- 
erate, i.e those matrices relating input speeds with output speeds become rank deficient. In 
those configurations, the DOF of the system changes locally. The singularity analysis of par- 
allel manipulators is more difficult compared to serial manipulators because of one or more 
closed kinematics loops and a number of passive joints. 

2.4.1 Singularity Analysis using Jacobian Matrix 

Gosselin and Angeles [11] developed a technique for evaluating the singularities of closed 
loop mechanisms. Let 6 and X be the vector of joint coordinates (input) and vector of 
Cartesian coordinates of the n— DOF parallel manipulator respectively. 

r., KANPUi 

X = [Xi X2 . . .x^f 

where 6i is the variable associated with displacement of a prismatic joint or with the rotation 
of revolute joint. Similarly JYf is a component of position and orientation in Cartesian space. 
The input-output relationship between them can be described in general as 

f(0,X)=O (2.1) 

where 0 is the n-dimensional zero vector. Differentiating the above with respect to time, one 
obtains 

AX + Be = 0 

where A = df/dX and B = df/dO are n x n matrices which are configuration-dependent. 
These matrices are called Jacobian matrices. Singularities of parallel manipulators are broadly 
classified into two types. 

Singularity of type I 

This type of singularity will occur when we have 
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det (B) = 0 


This type of singularity consists of the set of points where at least two branches of the 
inverse kinematics problem meet. This problem being understood here as the computation 
of the values of the driving joint variables from given values of Cartesian variables. Since 
'nullity of B is not zero, we can find a set of non-zero actuator velocity vectors 0 for which 
Cartesian velocity vector X. is zero. In other words, some velocities caimot be produced at 
the end effector, the manipulator thus loses one or more DOF. 

Singularity of 11 

This will occur when matrix A is rank deficient, i.e. 

det (A) = 0 

This corresponds to the configurations in which the gripper is locally movable even when 
all the actuated joints are locked. This type of degeneracy can occur inside the Cartesian 
workspace of manipulator and will correspond to the set of configurations for which the 
direct kinematics of two different branches will meet. This type of singularity will occur only 
in parallel manipulators and not in serial manipulators because the direct kinematic problem 
of serial manipulator always leads to unique solution. Since the nullity of A is not zero, 
we can find a set of non zero Cartesian velocity vectois X for which the actuator velocity 
vector 6 is zero. Then the mechanism gains one or more DOF and becomes uncontrollable, 
or equivalently caimot resist forces or moments in one or more directions even if all the 
actuators are locked. 

2.4.2 Singularity Analysis of 3-DOF Planar Parallel Manipulator 

For the 8-bar 3-DOF planar parallel manipulator shown in Fig. 1.2, 



’ t 
$ 


X 



x = 

— 

1 

i 

, 0= 

1 

1 
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and the kinematic input-output equations become 


t + SRpi-bi-iiCill = Z 2 fori = 1,2,3 


where 3ft = 


cos$ — sm$ 
sm$ cos$ 


Cj = cos6i sinOi j 


T 


Here, x, y, $ denote the position and orientation of the platform relative to the base, 
while (bix , biy) and (pix , Piy ) denote the i— th base point and platform point in the respective 
frames of references. 

The above equation is in the form 


F{d, X) =0 

By differentiating with respect to time we can obtain Jacobian matrices A and B, 
Singularity of type I occurs when matrix B becomes rank-deficient. This type of con- 
figuration is reached whenever the links of lengths li and I 2 of one of the legs are aligned. 



(a) one leg fully extended. W one leg fully folded. 

Figure 2.4: Examples of type I of Singularity for the 3-RRR Manipulator 


That corresponds to the fully extended or fully folded leg which does not produce any 
motion along the axis of corresponding leg shown in Fig. 2.4. This is, in fact, the boundary 
of the Cartesian workspace (where inverse kinematic solutions of the leg meet) . 


13 



Singularity of type II occurs when matrix A becomes rank-deficient. This type of sin- 
gularity is found only in parallel manipulators, which is often inside the workspace of the 
manipulator. 




(a) Three vectors r; are parallel (b) Three vectors rj intersect at a point 

Figure 2.5; Examples of type 11 of Singularity for the 3-RRR Manipulator 

This type of singularity occurs in two different cases. The first occurs when the lines 
along each of three links of length I 2 are parallel. The platform can move along the direction 
V (Perpendicular to r,-, refer Fig. 2.5) even if the actuators are locked. Likewise a force 
applied to platform in that direction cannot be balanced by the actuators. The second case is 
for the configurations for which the vectors in the direction of links of lengths I 2 , intersects 
at a common point. The platform can rotate about that point even if all the actuators are 
locked. Likewise a moment applied to platform cannot be balanced by the actuators. These 
are shown in Fig. 2.5. 

2.4.3 Measure of Manipulability 

Since singular points are found not only on the boundary of the workspace, but also inside 
it, they limit the end effector trajectories that a manipulator should follow in solving inverse 
kinematics. However, the most serious problem of singularity is not only at singular points, 
which have zero volume in the workspace, but rather in the neighborhood of the singular 
points. In parallel manipulator singularity of the first type are known to happen usually at the 
boundary of the workspace. The main difficulty is due to singularities of second type which is 
found inside the workspace where motion of the end-effector is possible even if the actuators 
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are locked. This causes a large error in end-effector motion. At singular configurations, the 
determinant of Jacobian matrix is zero. So it is natural to use the determinant of Jacobian in a 
measure of manipulator dexterity. Yoshikawa [12] introduced the measure of manipulability 
to evaluate quantitatively the kinematic ability of robot manipulators (see also Nakamura 
[13]). The measure of manipulability w is defined as 

w = /det{3{e)3^{e)} 

The measure of manipulability becomes zero at singular points and takes positive values 
elsewhere. Since the measure of manipulability changes continuously (Jacobian depends on 
configuration) as the robot moves, it can be considered as a kind of distance from singular 
points. From above, a good manipulator design has large areas of its workspace characterized 
by high values of w. In parallel manipulators, two Jacobian matrices are involved. For 
parallel manipulator the measure of manipulability can be taken as 

w = dei {A A^} + k * det {B 

where k is a factor that determines the contribution of the term det |B to maximize in 
the above equation. 

2.4.4 Home Configuration 

The volume of mobility being symmetric about the centroid of the triangle defined by the 
location of the motors, this point of the x-y plane is the one where the manipulator attains the 
maximum mobility in terms of the different values of the angle $ that it can reach. Therefore 
this position is the one at which we would like the Jacobian to be well conditioned. We call 
this position as home configuration. This is often defined as that in which the centroid of the 
gripper is located at the centroid of the base triangle. 

From above a good manipulator design has a large value of w in the home configuration. 
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Chapter 3 


Design Details 


3.1 Design of Link Lengths 

The Jacobian matrices of the parallel robot depend on its orientation. For a fixed orientation 
the Jacobian matrices depend on the link lengths of the manipulator. For a good design the 
link lengths of the manipulator should be such that its measure of manipulability is maxi- 
mum. 

The lengths of all the links are calculated such that the measure of manipulability w 
is maximum in home configuration, which is far from singular configurations. By taking 
the distance between two fixed joints of base triangle as unit distance, the link lengths are 
determined using optimization technique to maximize tc. 

3.1.1 Optimization Procedure 

The optimal design of a parallel manipulator involves the design of links using any opti- 
mization technique. There are two types of optimization techniques, one is unconstrained 
• optimization and the other is constrained optimization. The general non-linear constrained 
optimization problem can be stated as follows : 

Minimize F{X) (Objective function) 

Subject to 

gj[x) >0, ;■ = 1 . . . .m (Inequality constraints) 

/it(z) = 0, k = l....n (Equality constraints) 

< Xi< x^^\ i = l X (Decision variables) 

This is the most general form of single objective constrained optiniization problem. 
There are N decision or design variables, in which the lower and upper bounds are specified. 
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There are m inequality constraints and n equality constraints in the above problem. For a 
maximization problem, the above objective function F{X) can be transformed into —F(X) 
by multiplying the objective function by —1. This constrained optimization problem can be 
transformed into an unconstrained problem by using transformation methods. 

As the present work involves the constrained maximization problem, the penalty function 
method [14] is used to transform the constrained optimization problem into unconstrained 
optimization by adding the penalty terms for each constraint violation. There are different 
penalty terms, among which the bracket operator penalty term is chosen to favor the selection 
of feasible points. 

The penalty method works in a series of sequences, each time modifying a set of penalty 
parameters and starting sequence with the solution obtained in the previous sequence. At 
any sequence the following penalty function is minimized. 

P{x, R) = F{x) + Q{R, g{x), h{x)) 

where F{x) - objective function 
Q. - Penalty term 
R - Set of penalty parameters 
g{x) - inequality constraints 
h{x) - equality constraints 

Bracket operator penalty 


n = R{g{x)f 

This penalty term is used for handling inequality constraints. Since the bracket operator 
assigns a positive value to the infeasible points, this is an exterior penalty term. The first 
sequence begins with a small value of the penalty parameter R and is increased in subsequent 
sequences. 

Therefore the penalty function can be written as 

P{x) = Fix) + '£R {gjix))^ + E [^(^)]' 
j ^ 

where P{x) is unconstrained objective function known as penalty function* 
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The present problem is formulated for maximization of objective function and set of 
given inequality constraints using stated penalty function method as follows. 

Maximize w 
or 

Minimize —w 
Subject to 


3 (/i + + 1) >0 

3 (^1 ~ h) ~ (y^h l) — 0 

where w is objective function, which is the measure of manipulability to be maximized. The 
less-than -or-equal type constraints can be transformed into the other type by multiplying the 
constraint function by —1. The limitations of this work is that in w there are two terms i.e. A 
and B, and our intention is that the determinants of each is far from zero. While optimizing 
the objective function, we may get a result such that determinant of one of the matrices is 
too far from zero and at the same time the other is near making the combination far from 
zero. Such a situation is not desirable. So by trial and error with the value of k in w, we 
obtain dimensions of links such that each of the matrices should be far from zero as well as 
the combination. For our case, the best design was achieved for a value of k = 1.0. 

The results of the optimization are, three relative link lengths of 0.6, 0.85, 0.2. A suitable 
scaling factor is chosen, say 15 which results the link lengths of 9.0 cm, 12.75 cm, 3.0 cm. 
These sizes are adopted for the prototype. 

Another possible approach to the above problem is by changing the objective function to 

I i k 

i det {A 

and applying minimization techniques we can find the link lengths. In this, the value of k, we 
can take depending on the weightage of the terms and there is no need to check with every k 
to get the optimum results. But the difficulty is that while doing optimization if any singular 
configurations occur, a floating point overflow may occur because of division with zero. 

Another way could be to change the objective function to 

,Jdet{AA'^}*det{BBT} 
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and to maximize it. 

The constraints used here are for existing of non-vanishing workspace for every orien- 
tation of end-effector [8]. The link lengths are calculated to satisfy the above constrained 
limits. 

After finding link lengths the dimensions of links for a payload of W are calculated. 

The payload of a robot is the maximum load which it can handle in any configuration of 
its linkage. Of course higher payloads can be handled in some configurations than they can 
be in other ones. 


3.2 Structural Design and Analysis 

Structural design consists of planning the physical construction of the load-carrying parts of 
the robot. Specifically, this task includes specifying the shape, cross section, and materials 
used for each link of the arm and also the actuators and transmissions. 

Typically the designer begins at the end-effector of the manipulator designing the end 
link and its actuator-transmission to meet the applicable load, accuracy, speed, and other 
requirements. This link with its mass and reaction forces added to the applied load is used 
to design the next link, one step closer to the base. Subsequent links towards the base are 
designed until the design is complete. 

This stmctural design which has proceeded one link at a time must now be subjected to 
an overall analysis to see whether it will perform as desired. Many performance features, 
such as the accuracy and overall stiffness, depend on all the joints and links and cannot be 
evaluated separately. Performance may also depend on the sensors and control system which 
are not yet specified. Representative values for unspecified quantities should be used. 

There are two approaches to the overall structural design: Accuracy and Frequency. The 
accuracy approach is concerned with the structural stiffness and how it affects accuracy. The 
frequency approach is concerned with stiffness and inertia and how they affect the dynamics 
of the manipulator. Both approaches may be necessary to ensure that requirements have 
been met, although a single approach by itself is often sufficient since both approaches tend 
toward similar designs. Since the accuracy approach is simpler, it may be the only analysis 
used on simple manipulators. 
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3.2.1 Accuracy Analysis 

The accuracy approach to the robot design assures that the endpoint of the manipulator is 
within the specified accuracy whether or not the robot has a payload. In general payload and 
accuracy are specified. The analysis amounts to a determination of the spring constant of 
the endpoint of the manipulator in various configurations. The manipulator must deflect less 
than the specified accuracy under the specified payload, i.e., a minimum spring constant is 
required. 

3.3 Material Selection 

The material for the links is selected on the basis of stiffness-to-weight ratio [15], high 
strength and low weight. To increase the stiffness-to-weight ratio, the increase in the elastic 
modulus E is very desirable, if it is not accompanied by an unacceptable increase in specific 
density p. Parameters of some high modulus and/or low specific density materials are dis- 
cussed in [15]. Best properties are demonstrated by ceramics (boron carbide and aluminum) 
and beryllium. While ceramics are brittle and difficult to machine, beryllium is very costly. 
Fiber reinforced materials also have good stiffness-to-weight ratio but their applications are 
limited because of creep under constant constant load (for some compositions), aging, high 
thermal expansion coefficient, difficulty of joining with metal parts and high costs. Popular 
light structure materials as magnesium, aluminum and titanium have the same E/p ratios as 
that of steel [16]. Thus these materials are used where low weight with high strength is more 
important than E/p ratios. Thus considering all these factors aluminum is selected as material 
for the links. 

After selecting the material for different links the dimensions of the links are calculated 
as follows. The dimensions are calculated for a particular payload W and accuracy 8. This 
payload is shared by all the three chains. If the load application point (center of end-effector) 
and the center of the base triangle coincides, the payload is shared equally by all the links. 
The load acting on each chain depends on configuration of the robot. This load acting (shar- 
ing) is proportional to the distance between the load application point (center of end-effector) 
and the base (fixed) joint of the respective chain. The design procedure for all three chains 
are the same because of the symmetry of all chains. Now the design problem is reduced to 
single chain. The load acting on a chain is maximum if the distance between the fixed joint 
and load application point of that chain is greater than that of other two chains. The design 
will be safe when it is designed for maximum loading conditions. The maximum load acting 
on a particular chain can be calculated as follows. 
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Figure 3.1 : Load Sharing of each Chain 


In Fig. 3.1, bi is the base (fixed) joint of z— th chain. P is the position of the center of 
end-effector and di is the distance between the i— th base joint and center of end-effector 

in 

The load acting on i-th link = 
where W is the pay load of the robot. 

From the geometry of Fig. 3.1, one can say that the maximum load that act on a chain is 
W/2. This is possible for the configurations for which the end-effector coincides with base 
joint of the any of the other links. 

Design of end effector 

End effector is fixed at point C, as it is only allowed to rotate in plane perpendicular to the 
load acting as shown in fig. 

So, consider cantilever of beam CD of length k and load w acting at point d. 

Bending Moment at C (M) ='w *lz + Wz*lz* h/2 
where Wz is the load per unit length of the end effector 
For a rectangular cross-section, Z = bz* hll6 
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c 

Figure 3.2: Loading on End-effector 


Bending stress fi) = M/Z 

The properties of the materials are known, so by choosing some thickness one can calcu- 
late the width of the link. 

Design of the second link 

Second link of the manipulator is connected between end effector and first link. The design 
procedure of this link is given below. 



Figure 3.3: Loading on Second Link 


The stresses acting on this link are torsional and bending stresses. 

Bending moment is maximum when 9 = 0 
Mmax at B = 'W *{l 2 + h) + W 3 * hih + ^ 3 / 2 ) 

Bending stress fb = 

where Z = section modulus of the link 2 

By knowing the material properties and maximum bending moment, one can find width 
of the link by choosing appropriate thickness. 
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Shear stresses will be developed due to twisting moment This torque is maximum when 
$ = 90°. 

Tmax = ^3* W +W 3 * I 3 * 1^/2 
Shear stress ^ 

where R = /(|)^ + (|)^ 

If the shear stress obtained is less than the fyg then design is in safe condition. 

Design of first link 

To design the first link the same procedure stated above is followed. In design of first link 
the effect of the second and third links is also considered. 

After calculating the dimensions of all the links, the overall deflection is calculated. If 
it is greater than the required accuracy then the same design procedure is followed until the 
accuracy obtained is less than the desired. 

3.4 Basic Link Features 

First Link 

This link is fixed at one end of motor shaft and another end is connected with intermediate 
link. Two holes are drilled for joining these links with pins. At the end of Link 1 an internal 
thread and a slot is made as shown in Fig. 3.4. A long screw is passed through the internal 
thread. When the screw is tightened, link 1 tightly clamps the motor shaft. The purpose of 
this is to fix the link to motor shaft tightly without any relative motion. To avoid failure of 
the fixed end due to slot, it is required to keep more width when compared to another end. 
The link dimensions are taken so as to minimize the deflection and stresses under loading. 

Second link 

One end of the second link is connected to first link and the other end is connected to the 
end-effector. This is the passive link in this manipulator. This link used in the present work 
is shown in the Fig. 3.5. Two holes are drilled in the link for joining it with other links. 

End-effector 

The end-effector in the present work is in the shape of equilateral triangle. The end-effector 
is connected to the second links of all chains and forms as closed loop. Three holes are 
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Figure 3.4: First Link 

drilled for connecting links. Gripper is attached to the end-effector for doing tasks. The 
dimensions of end-effector used in this work is shown in Fig. 3.6. 

All the links are joined with pin joints. A circlip is fitted to the pin to arrest vertical 
displacement. The method of joining is shown in Fig. 3.7. 

The three motors are mounted on the stands such that the distance between any two of 
the motors is equal. The complete arrangement for one chain is shown in Fig. 3.8. Like this, 
all three chains are connected to the end-effector. 


3.5 Motor Selection 

After the mechanical structure of robotic manipulator is detenmned, a suitable actuator pro- 
ducing motion must be selected. The motors required to move the links of the manipulator 
must be having high torque-to-weight ratio. Also the motors should not be costly. For robotic 
applications two types of motors are generally used. That are Ser\'o motors and Stepper mo- 
tors. In the present work we used stepper motor because of the following advantages. 
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Figure 3.5: Second Link 



Figure 3.6; End-effector 


3.5.1 Stepper Motors 

Stepping motors are motors which convert electrical logic signals (pulses) to mechanical 
motion at a constant, defined angle. Each of these motions is called a step. The input of 
a stepper motor consists of a series of pulses, the rotor advances one step a pulse. The 
advantages of stepper motors compared to other motors are as follows. 

1 . Because of the fixed relationship between input signals and rotor motion, stepper mo- 
tors do not require an encoder and servo controlled system in order to achieve the pre- 
cise positioning required in robotic applications. Elimination of encoders and servo 
electronics results in a significant cost saving. 
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Figure 3.7: Joining links 



2. Error in positioning a stepper motor is not accumulative as long as a fixed relationship 
between pulse and step is maintained. 

3. They may be used at extremely low rates of revolution without mechanical transmis- 
sions, unlike other motors which require gears to reduce the rate of the rotor revolution. 

4. They can produce high torques at low rates of revolution. 

5. When there is no pulse input, the rotor will remain locked in the position in wKch the 
last step was taken, because at anytime two windings energized are always energized 
which lock the rotor electromagnetically. 

6 Since there is no mechanical connection to the rotor, there is nearly no fncfion on 
the components (except the bearings on both sides). Therefore there is only a small 

amount of wear and motion is quiet. 
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The main drawback of the stepper motor is that for a given output torque or horsepower the 
weight of the stepper motor is greater than other types of motors used for the robots. That 
is why the stepper motors are not widely used in serial robots because the links of the robot 
has to bear this weight. However, in parallel manipulators the links need not cany the load 
of the actuator, it can be fixed to the base. 

Stepping motors can be programmed in three parameters 
(a) direction (b) speed (c) number of steps. 



Chapter 4 

Implementation 


This chapter explains software and hardware implementation in the present work. Computers 
are used to program robots, and the programming is done off-line. That means the robot is 
not directly involved when programming takes place. By using off-line programming, the 
programmer has greater flexibility to carry out complex operations, and the time spent in 
programming is reduced. In addition the robot can remain in service while the programming 
takes place, thereby increasing its productivity. 

4.1 Control System 

A personal computer based control system has been developed for the prototj'pe parallel ma- 
nipulator. The block diagram of this system is shown in Fig. 4.1. The system contains three 
major components: a host computer, the motor driver boards, and the motors. Each board 
controls one motor, so a total of three boards are used. The function of the stepping motor 
controller is to supply the motor with logic signals, in order to implement stepping in desired 
direction. The controller receives a series of pulses. The number of pulses determines the 
extent of revolution of the motor, and their frequency determines the rate of revolution. The 
controller defines the strength of the pulses to enable them to turn the motor, and addresses 
the signals to the motor coils in accordance with the desired direction of rotation. 

The stepping motor controller includes a series of electronic switches responsible for 
switching the voltage of the stator coils which constitute the stator phase. The driver circuit is 
built with power MOSFETS. Power MOSFETS are commercially available with wide range 
of operating currents, IRF 540, IRF 840 etc. Use of MOSFETS make the design of driver 
board very simple and adaptive for a wide range of motors with different torque ratings. As 
per the current requirements for a particular application, appropriate MOSFET can be used 


28 




Motor 1 Motor 2 Motor 3 


Figure 4.1: Control System Block Diagram 

without any need to modify the printed circuit board (PCB) layout. 
These circuits are discussed in detail in the following sections. 


4.2 Bi-directional Logic Sequencer (BLS) 

This is a circuit which utilizes digital integrated circuits (IC). It controls the excitafcn of 
windings sequentially, responding to the clock signal generated by the computer ms ts 
capable of controlling the motor excitation in both directions, clockwise and antt-clockwtse^ 
The clock and the direction are the inputs of the circuit. Four outputs are generate 
drives four phases of the motor. Fig. 4.2 shows the complete circuit diagram wl^h us« 
IC 74LS73 (IK FFs) and IC 74LS51 (AOI) gates. IC 74LS73 is a negahve edge mgger^ 
dual flip flop. It is configured to work in either load 'O’ or load T state ^ J 
depenig ™ the clock state. Oscillators output ■clock’ is fed as the clock tnput to flns 1C 
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(both gates). It generates Q and Q outputs which are used for t\\’o phases A, C (or phi, 
ph3). These outputs are fed to IC 74LS51 (AOI) together with d (direction) and d' (inverted 
using IC 74LS(W) pulses as shown in the circuit which are fed to the other similar gate hence 
producing the other two required outputs for B and D phases (or ph2, ph4). A, B, C, D 
outputs are generated in the sequence required for the rotation of motor. These signals are 
then buffered and used as input to the MOSFETS. 

4.3 Driver Circuit 

The driver circuit is rather simple. It uses four MOSFET’s, each for one phase configured 
as a switch. A, B, C, D outputs generated in the BLS stage, each connected to a buffer 
gate (IC 74LS126) which enables with an active high signal. Buffered outputs called as 
BA, BB, BC and BD are each connected to the gate terminal of power MOSFET through 
a series resistance which biases the MOSFET. The phones (coils) of the stepping motors 
are connected between 12V power supply and the Drain terminal of MOSFET. Its source 
terminal is grounded. These MOSFET’s are rated for 5A of peak current. Use of MOSFET’s 
reduces the driver circuitry and makes it quite simple. Fig. 4.3 shows the circuit diagram for 
one phase, it is similar for other three phases also. A diode is put parallel with the winding 
in the polarity as shown in Fig. 4.3. This is particularly needed when fast switching is done. 
When MOSFET is turned OFF, a circulating current flows through the diode (otherwise 
producing the back emf) without damaging the MOSFET. 

A PCB is designed using ‘PCCARDS software’. A parallel port connector slot is pro- 
vided to be able to drive the motor using personal computer. Two bits are needed to control 
one stepper motor (with the ground line). Speed of the motor is controlled with suitable 
delay between two clocks. Fig. 4.4 shows the PCB layout with the components. PCB’s are 
fabricated, soldered and tested. Presently all three motors of the parallel robot are controlled 
by personal computer. 

4.4 Interface with PC 

Interfacing links permit the robot to communicate with its controller and other parts of work- 
station. Parts that do not cause the robot to do its task directly are called peripheral compo- 
nents. The microprocessor controlled robot can communicate with the equipment around it 
through connections called ports. For example, it is necessary for the robot to input informa- 
tion to the controller, and it must be able to receive information to the controller. Hence the 
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controller is connected to the robot through a port. 

Parallel ports are the outputs of the microprocessor or computer that have flat cables 
connected to them with eight conductors. This parallel port is connected to the input of the 
controller circuit. The signals generated by the computer are fed to the controller circuit 
through the parallel port. 

For generating signals, Turbo C provide access to the I/O ports on the 80x86 CPU via 
the predefined functions, inportb/inport and outportb/outport. For the present, work used 
outportb which outputs a byte to the hardware port. This is interface between program and 
stepper motor control circuit. The usage of outportb is as follows. 

#include<stdio.h> 

#include<dos.h> 

#define Data 0x378 
unsigned char Bits; 

outportb(Data,Bits); /* output data *! 

In the above program, 0x378 is the printer port address of port 1. Writing to this address 
causes data to be stored in the printers data buffer. 

In 3-DOF parallel manipulator three stepper motors are used for activating the links. 
The controller circuit of each stepper motor needs two bits, direction and elk. To control 
all three motors 6 bits are required. The speed of the motors can be controlled by suitable 
delay between the two successive pulses, pulse rate is the number of steps per second. Step 
response time is the motor reaction time to an input pulse, causing it to move one step. This 
time determines the upper limit of the pulse rate. At pulse rates above this upper limit, the 
motor will not be able to react to each pulse, and deviation from the desired rate of revolution 
will occur. The delay between two pulses is such that the motor responds for each pulse. 

In the present work, point to point control is used. Point to point control involves the po- 
sitioning of the end-effector at given points, without dictating the exact course to be followed 
by the end-effector between these points. Applications for this method of control are those 
which require exact positioning of the end-effector at certain points at which the operations 
are to be carried out, provided the robot arm is at rest and not in motion during implementa- 
tion of these operations. An example is spot welding. In point to point control first the initial 
and final positions of the manipulator are converted into joint space coordinates with inverse 
position kinematics. The computer sends signals to the motors until the motors move the 
joints to positions corresponding exactly to those values. 
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In parallel manipulators, the point to point control is not carried out in joint space because 
the direct kinematics of the parallel manipulator leads to more than one solution. This means 
that even if we move the motors required angles the end-effector is likely to go to a position 
other than the required one. Usually the end-effector goes to the nearest solution. For parallel 
manipulators the path is always planned in task-space and the path between the initial and 
final points is divided into a finite number of points. At each point inverse kinematics should 
be calculated. The motors are driven (controlled) such that the end-effector follows the 
intermediate points and finally it reaches the required position. 

4.4.1 Software Description 

As this model is meant for experimenting and evaluating the theoretical calculations, we 
have provided a friendly computer user interface for carrying out the task. 

The interface mainly consists of taking the initial position of the end-effector in task 
space co-ordinate system from user. For finding the initial position of the end-effector, we 
provided a graph sheet setup beneath the end-effector (on base plate) with properly marked 
coordinate systems. This coordinate system is taken as global frame of reference and all the 
calculations are done with respect to this frame only. The next input is approx angles of the 
activating links. This is required because inverse position kinematics of the 3-DOF planar 
parallel manipulator will yield at most eight solutions. From these the solution nearest the 
user specified angles is selected. Next the user must enter the final orientation of the end- 
effector. The final position of the end-effector can be entered in the either of the following 
two ways. 

1 . In text mode the user can enter the coordinates directly. 

2. In graphics mode the workspace of the manipulator with given orientation is displayed 
and the user can click the mouse at any point in the workspace. 

A straight line path is planned between the initial and final points in Cartesian space. If the 
path does not exist within the workspace then the program asks for a valid via point, until 
a valid via point is entered. The path is divided into a finite number of points and at each 
point inverse kinematics is carried out. Accordingly the number of pulses required for the 
motors and the direction of rotation are calculated. At each point, depending on the state of 
the motor, a character string is calculated and this is called in outportb function to generate 
signals. The signals are generated and delivered to the controller circuits. The motors are 
moved as per the signals. Finally, the current joint angles are saved so that they can be used 
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in the next loop and the process is repeated. The loop is ended when all the intermediate 
points are finished. The final position reached can be verified on the graph sheet. 

Flow chart for coordinated control of the manipulator is shown in Fig. 4.5. This flowchart 
is used to move the manipulator from one point to another point in the workspace. 
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Figure 4.5: Control Flow-Chart 
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Chapter 5 

Results and Discussions 


5.1 Introduction 

To investigate the basic characteristics of the 3-DOF planar parallel manipulator, a prototype 
manipulator was constructed. The general view of the 3-DOF planar parallel manipulator 
with revolute joints (that was constructed) is shown in Fig. 5.1, which is driven by step- 
per motors and controlled by a personal computer. In this work, position is controlled by 
counting and deducting pulses without the use of positional sensor and speed of the motors 
is controlled by careful application of pulse frequencies without use of a tachometric gener- 
ator. The workspace of the prototype manipulator with different orientations of end-effector 
is shown in Fig. 5.2. 

5.2 Accuracy 

The accuracy of the robot depends on the resolution of the actuators. The actuators used in 
present work are stepper motors of 200 steps per revolution. That means the distance moved 
by the motor is in multiples of 1.8°. 

The accuracy of the robot = (1.8* tt/ISO) * L 
where L = effective length of chain. 

At worst case L becomes sum of all the link lengths, when all three links of any chain 
are aligned, i. e. generally when the end-effector is at the outer boundary of the workspace. 
Accuracy = 1.8 * tt /180 * (9 + 12.75 + 3) = 0.77 cm. 

From above theoretically the accuracy of the robot is better than 7.7 mm. 
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5.3 Performance Test 


To determine the performance of our robot, we have conducted some experiments. In that 
we have given commands such that the robot moves from one point to another point and 
noted its performance regarding where it is going and what is the accuracy, repeatability of 
the robot. 

5.3.1 Error in Positioning 


Table 5.1: Performance Test 


Initial 

Pos & 

Ori 

Desired 

Pos& 

Ori 

Reached 

Pos & 

Ori 

X (cm) 

Y (cm) 

$ (deg) 

X(cm) 

Y(cm) 

$ (deg) 

X (cm) 

Y (cm) 

$ (deg) 

0.2 

-0.2 

0 

-4 

-4 

45 

-3.8 

-3.6 

45 

0.2 

-0.2 

0 

-4 

4 

45 

-3.7 

4.1 

40 

0.2 

-0.2 

0 

4 

4 

45 

4 

3 

45 

0.2 

-0.2 

0 

4 

-4 

45 

3.7 

-4.5 

40 


4 


4 

-4 

0 

3.5 

-4.2 

-10 


-4 

0 

-4 

4 

0 

-3.2 

3.8 

0 


4 

0 

-4 

-4 

IIQIII 

-3.5 

-3.1 

5 


-4 


4 

4 

HEHI 

4 

3.5 

-5 


Table. 5.1, shows the performance of the prototype manipulator. The error in positioning 
of the robot can be calculated as 

Error in X direction Ex = X desired - X reached (in cm) 

Error in Y direction Ey = Y desired - Y reached (in cm) 

Error in Orientation £* = $ desired reached (in cm) 

Combined error = yjE^ + + (in cm) 

where Lz is the length of the end-effector and in this work it is 3.0 cm. 

The maximum error in positioning of this prototype manipulator is around 1.24 cm. 

This error is mainly due to the following reasons. 

1. Inaccuracies (tolerances) in dimensions of mechanical links. It is very difficult to 
manufacture links with required dimensions exactly. 

2. Motors move in terms of steps, so it is not possible to move the motor exactly as what 
we required and it is moved in terms of 1.8° . 
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3. Error in measurement of position and orientation of the platform. 

4. Unavoidable slip between motor shaft and link. 

5.3.2 Repeatability 

The repeatability, one of the most important characteristics of any robot, is its ability to 
repeat its performance over and over again accurately. 

The points shown in Table 5.1 are moved repeatedly a number of times and it was found 
that the manipulator is moving with 70% repeatability. 
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Figure 5.2: Workspace of the Prototype Manipulator wi 


■2 




different orientations 




Chapter 6 

Conclusions and Suggestions for Future 
Work 


6.1 Conclusions 

This thesis addresses the design and development of 3-DOF parallel manipulator. Several 
topics like inverse kinematics, workspace analysis, singularity analysis of 3-DOF planar 
parallel manipulators are discussed. Kinematic parameters (link lengths) are calculated using 
optimization technique (penalty method) considering all types of singularities. Structural 
design of the elements of the manipulator is carried out on the basis of deflection criteria. A 
prototype manipulator was developed as per the dimensions obtained in design. Controller is 
made to control the actuators with computer. Testing of the manipulator was carried out on 
the basis of present work, it is observed that the manipulator achieving the desired position 
satisfactory. 

6.2 Suggestions for Future Work 

• Calibration can be done on this prototype manipulator to reduce the error in position- 
ing. Future work include more experimentation with the prototype manipulator. 

• By using motors of better resolution, the accuracy of the manipulator can be increased. 

• Using Servo motors with feedback from encoders, we can position the end-effector 
more precisely. Homing for this manipulator can be done with suitable encoders and 
sensors. 
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• Control based on the dynamics of the prototype manipulator can be implemented fur- 
ther. 

• By designing proper gripper mechanism, we can use this manipulator for wide variety 
of tasks. 
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